Introduction
Marriages between relatives are rare in industrially developed countries and also uncommon in Latin America and Eastern Asia; but they are highly prevalent in most Islamic countries, where, across a broad geographic area from Morocco to Pakistan, 20-80% of marriages are contracted between relatives [1, 2] . Not only Islam [3] , but other religions also allow consanguineous marriages, to various degrees [1] . Migrants from countries where consanguinity is common tend to preserve traditional patterns of marriage, especially if, in their new country, they remain disadvantaged by lower education or lower social class. Even in affluent groups, however, there may be social and economic advantages to marriage between relatives [1, 3] .
It is well known that offspring of consanguineous marriages are at increased risk for rare recessive syndromes [4] , fetal, infant and child mortality [5] [6] [7] [8] [9] [10] , birth defects [5, 9, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and later disabilities such as deafness [21] [22] [23] , asthma, mental retardation or epilepsy [24] . Consanguinity may also contribute to more distant outcomes, including some cancers in childhood and younger adults [25] [26] [27] [28] [29] and complex diseases in later life [30] [31] [32] [33] .
At the population level, risks may be hard to assess, unless confounding by social and environmental factors can be taken into account. Some studies, in areas where consanguinity is highly prevalent, have suggested that risks of adult diseases may be little affected by consanguinity [34, 35] . An important limitation is that complex webs of relationships may go back many generations, marriages having been restricted within tribal or minority groups that are sometimes quite small. While marriages between uncle-niece and first cousins lead immediately to coefficients of inbreeding of 0.125 and 0.065 respectively, prolonged inbreeding in earlier generations may cause higher probabilities of identity-by-descent than are predicted by conventional models, even in the absence of known consanguinity in recent generations [36, 37] . In linkage studies, underestimation of inbreeding coefficients can cause spuriously inflated estimates of linkage. In conventional epidemiologic studies, on the other hand, the risk due to consanguinity may be underestimated if control groups include many distant relatives, or over-estimated if environmental causes of birth defects are not taken into account.
We sought to quantify the risk of major malformations related to different degrees of consanguinity, in the main ethnic groups observed in a historical data base, the Jerusalem Perinatal Study. The data were collected in an era before ultrasound. Our principal aim was to provide a background for our ongoing studies of psychiatric disease and of cancer in the cohort, both in offspring and parents [38] ; geographic ancestry is of interest as a risk factor for these outcomes, but may be confounded by consanguinity. More than half of our population descends from Mizrahi and Sephardic Jews with recent origins in Islamic countries; in such Jews, consanguinity is more prevalent than among Ashkenazim [39] . The relevant ancestries are those based in Western Asia (Iraq, Iran, Afghanistan, Turkey, Syria and Lebanon) and North Africa (mainly Morocco). The cohort also includes a small proportion of non-Jews (mainly Palestinian Arabs from rural villages to the west of Jerusalem) who are included for comparison; these are even more highly consanguineous [40] .
Methods
This study is based on a subset of the population-based cohort of families known as the Jerusalem Perinatal Study. During 1964 During -1976 , all 92,408 births to residents of Western (Israeli) Jerusalem were surveyed. Items abstracted from the birth certificate included demographic information on the parents and both grandfathers; no information was available on grandmothers. These data were supplemented with information abstracted from medical records, interviews and surveillance of pediatric inpatients. The methods and characteristics of the population have been described [38, 41, 42] .
During 1965-1968, a subset of mothers (n = 11,467 offspring) were interviewed in antenatal clinics, usually at the first antenatal visit which, in that era, was typically in the fourth month of pregnancy. Interviews were conducted in free neighborhood antenatal clinics and tended not to capture the most affluent women, who chose to use private gynecologists, or those who were known to be at high risk for poor pregnancy outcomes, who were directed to hospital clinics for early antenatal care. The interviews include d, inte r alia, ite ms on con sanguinity, with specific questions probing for any relationship between spouses, types of marriages between uncle-niece and first cousins, and more distant relationships. Reliability was assessed by comparing the responses made in different pregnancies.
Birth defects were ascertained in the Jerusalem Perinatal Study from multiple sources, including labor ward logs, death certificates, surveillance of well-baby clinics and pediatric inpatient admissions; they were coded using ICD-7 [43] . In 1969, each ICD-7 code was classified as a 'major' or 'minor' malformation based on whether the condition would lead to a marked restriction of quality of life, functioning or lifestyle, if uncorrected. ' 7 .0% had at least one congenital malformation, with 3.6% having at least one major defect. The prevalence of the specific defects has been reported for this cohort [44, 45] and for different religious communities in Israel [46] .
The data base was linked with Israel's Population Registry, most recently in 2005, to verify identities of the offspring, via their unique identity numbers (IDs), and to ascertain and correct those of mothers; then we could link siblings. This study was approved by Institutional Review Boards at the Hadassah Hospital, Jerusalem and Columbia University Medical Center, New York and exempted from the requirement for informed consent.
Data Analysis
We used SAS version 9.1 to analyze the data, employing logistic regression to estimate odds ratios for associations between the binary outcome (major birth defect, versus all others) and consanguinity. Covariates were included in the models if they were related to the crude prevalence of both birth defects and consanguinity (p ! 05) or if their addition or removal altered, by at least 10%, the estimated odds ratio for birth defects. Unless otherwise stated, all variables were treated as dichotomies, coded as 1 (if present) or 0. Covariates were paternal social class (a six-category ordinal variable based on occupation, varying from 1 (affluent) to 6 (poor)); ethnic (i.e. geographic) origins in Western Asia, based on the birth place of either grandfather; and hospital of birth (representing one small community hospital where birth defects were less prevalent). Other broad categories of ethnic origins included non-Jews versus Jews; and ancestry in North Africa or in Europe, the latter group including the Americas, sub-Saharan Africa and Australia/New Zealand. Other variables tested, but not included in the models, were maternal and paternal ages and levels of education; parents' birth place in Israel, versus immigrants; number of offspring available for study from each family; and whether the offspring was born prior to, or later than, a pregnancy in which the mother was interviewed. Data are presented as odds ratios (ORs), equivalent to relative risks, with 95% confidence limits. Unless otherwise stated, the reference group was the offspring whose parents were believed to be unrelated and whose grandfathers had been born in different countries. In order to take into account the correlation between siblings, we estimated the confidence limits with generalized estimating equations (GEE), using the GENMOD procedure of SAS [47, 48] .
Results
There were 11,467 offspring born to mothers interviewed in pregnancy in 1965-1968. After excluding 21 interviews lacking responses to questions on consanguinity, there were 9,828 mothers, with 11,446 offspring. Record linkage added 14,052 siblings born earlier and 4,317 born later, giving a cohort of 29,815 offspring. Of the mothers, 14.2% were interviewed twice, and 0.6% thrice, in separate pregnancies. Between the first and last interviews of the 1,445 mothers questioned more than once, there was 96% agreement between the two responses, reporting any kinship between husband and wife (kappa = 0.83, 95% CI = 0.79-0.88). Similarly, general questions regarding marriage between uncle-niece, first cousins and more distant relationships elicited reproducible responses with 98.6, 97.9 and 95.4% agreement respectively between the two interviews. The 139 women reporting a first cousin relationship in separate interviews gave 87.8% identical responses in stating whether the husband was related to the wife's mother or her father (kappa = 83.0, 75.4-90.5). On the other hand there was less clarity about marriages with more distant relatives; only 79.4% described the exact relationship in the same way in both interviews (kappa = 0.58, 0.45-0.71); because of this we grouped together all types of consanguinity involving relationships more distant than first cousins. Table 1 shows characteristics of the population with their relationship to various types of kinship and to birth defects. Because paternal and maternal characteristics were similar we show data for only one parent. For offspring with parents thought to be unrelated, the table separates them according to concordance between grandfathers' countries of birth. Not shown in the table, we calculated the proportion of offspring of consanguineous parents who had grandfathers born in the same country. This proportion was greatest (95.1%) when the parents were uncle and niece; it decreased from 95.0% for offspring of first cousins to 87.8% for more distant relationships. Overall, 91.3% of offspring whose parents were known to be consanguineous had two grandfathers born in the same country.
Consanguinity was most prevalent in Muslims and in parents born in Islamic countries; it was strongly related to education and occupational social class. The consanguineous couples were slightly more fertile during 1964-1976 than those who were unrelated, so that although 9.6% of the mothers reported some degree of kinship with their husbands, 10.1% of offspring had consanguineous parents. Consanguinity was rare in immigrants from Europe etc, in mothers with higher education, in more affluent fathers, and in younger parents. Major birth defects were most common in offspring of Muslims and immigrants from Western Asia and also varied with education, social class and paternal age. Table 2 shows the distribution of births in specific types of closely consanguineous marriages, by religion and geographic origin. Uncle-niece marriages were most prevalent in immigrants from North Africa, with most unions involving a wife married to her paternal uncle. Regarding marriages between first cousins, there were 13 offspring whose parents were double first cousins; seven were nonJews and six had mothers born in Western Asia so that the sum of the proportions of different types of first cousins add to more than 100% in these groups. There were significant differences in the distributions of marriages between immediate descendents of brothers and those of sisters, comparing non-Jews with Jews (p ! 0.0001). In NonJews, the dominant form of first cousin marriage was between the offspring of brothers, while in Jews, those between the offspring of sisters were more common. Table 3 shows estimates of the risk of birth defects associated with any consanguinity, and with different degrees of it, with and without adjustment for demographic variables. The 58% increase in the crude risk of major birth defects in offspring of consanguineous parents was reduced to 39% by taking into account confounding vari- Regarding degrees of known consanguinity, the ORs were highest, as expected, for offspring of uncle-niece marriages. Not shown in the table, we estimated an adjusted OR of 2.61 (0.97-7.04, based on 5 cases) for offspring of mothers married to paternal uncles and 1.59 (0.26-9.77, 1 case) for those of mothers married to maternal uncles; with overlapping confidence intervals this difference is likely to be due to chance. The table shows a statistically significant 60% increase in birth defects in offspring of first cousins, and more modest risks associated with more distant degrees of consanguinity.
We questioned whether consanguinity affected the sex ratios of offspring. Results (not tabulated) were likely to be due to chance; proportions of males were 59.3, 52.6, Table 4 shows ORs for various degrees of consanguinity, estimated within ethnic groups, defined by the place of birth of any parent or grandfather. For the small group of non-Jews (mainly Arabs), there were too few births for any estimates to be made with certainty and for the reference category we combined the two groups of marriages with no known consanguinity. In Jews from North Africa, uncle-niece marriages were associated with a significantly increased risk of birth defects; but in this ethnic group there was no excess risk associated with other types of consanguineous marriages. In contrast, both the West Asian and European groups showed significantly increased risks of birth defects in offspring of first cousins as well as more modestly increased risks when the parents were more distant relatives or when both grandfathers were from the same country.
Because consanguinity was associated with lower social class we estimated the combined effects of social class and consanguinity on the risk of birth defects ( table 5 ). Within subgroups of consanguinity, ORs increased with decreasing social class, and within subgroups of social class, risks of birth defects were increased in association with consanguinity. Although the OR for consanguinity in association with the lowest category of social class was almost twice that of the reference group, i.e. offspring with unrelated parents and grandfathers from different countries, this excess risk was not more than would be expected on the basis of two independent risk factors; thus we conclude that both variables contribute independently to the risk of birth defects. These conclusions were unchanged in analyses with added adjustment for education, family size, season, year of birth, or ages of parents.
Discussion
This study confirms the well known association of risk of major birth defects with parental consanguinity, reiterates the knowledge that consanguineous couples tend to be less educated, and provides new information that may aid in the development of prevention programs. As expected, the results show that the closer the degree of consanguinity, the higher the risk. Offspring with ancestries in North Africa show an increased risk for major birth defects if the parents are uncle and niece, as previously reported in this cohort [49] but not at any other level of consanguinity.
Strengths of the Jerusalem Perinatal Study include its relatively large size and the depth of detail available on ethnicity. Information on consanguinity was obtained in a uniform way, using a standard questionnaire; and data on specific forms of close consanguinity proved to be highly reproducible in women interviewed more than once. Findings were not affected by the timing of birth in relation to the questioning of the mother. All births took place in hospitals, or en route, and women delivering were not segregated by social class or ethnic group or religion. More than 91% of births were in hospitals in which a physician (usually a pediatrician) examined the newborns within a few hours, without knowledge of consanguinity; furthermore, the Jerusalem Perinatal Study's active surveillance of well-baby clinics, pediatric departments and infant death certificates ensured that the detection of birth defects will have been relatively complete. An additional advantage is that it was possible to test for many potential confounders and control for those that were important; furthermore, correlation between siblings could be taken into account through use of GEE. Several limitations must be recognized. There might be undetected sources of confounding and there would certainly be additional relationships within families that would widen the confidence limits, had we been able to account for them. It is frustrating that no information is available on the origins of grandmothers; had such data been available we could have devised a more satisfying control group. Another source of frustration is that few syndromes were recognized in that era and many of the codes available in ICD-7 [43] permit little understanding of specific birth defects; furthermore, one might argue that some of the conditions that were assigned to the 'minor' category would now be assigned as 'major' (e.g. telangiectasia, hypospadias) and vice versa (e.g. hip dislocation). Because of these frustrations, we do not report individual malformations in relation to consanguinity.
Although most of the subjects were Jewish, the data should be broadly generalizable to migrants from other ethnic groups, including immigrants to Europe from Turkey, Pakistan and Arab countries. Furthermore, as is typical of those migrants, more than 98% of mothers in this study were married and the extreme religious conservatism of the population of Jerusalem makes it very likely that the registered fathers were the biological fathers.
The study reiterates the knowledge that demographic and social variables associated with poverty may contribute to the excess risk associated with consanguinity. This contribution is not trivial. Variant alleles affect vulnerability to hazardous environments and most environmental hazards are assumed to act through such vulnerabilities [50] [51] [52] [53] [54] [55] . This study suggests that approximately 30% of the crude risk associated with consanguinity may be attributable to other variables or to shared effects of poverty and consanguinity. Although variations in social class and education affect the probability of birth defects, our findings should not be interpreted as implying that the risks associated with these variables are completely independent of those associated with consanguinity. These results show consanguinity to be strongly related to lower education, lower occupational social class and childbearing by parents at the extremes of age, as has been shown in other settings [16, 39, 56] . Inbreeding may be associated with cognitive deficits or physical disabilities in the parents that might contribute to downward social mobility, poverty and restriction of choices for work or marriage [57] . More important, new-immigrant 'guest workers' in Europe or their wives, if less educated, may be less aware of risks associated with environmental hazards (e.g. pesticides and other toxic chemicals, smoking or radiation); at the same time, their homes and workplaces may expose them to more of such hazards. They may be less aware of the specific benefits of primary prevention (e.g. with folate supplementation), and may have less access to services for secondary prevention or genetic counseling.
An intriguing finding in North Africans in this study (most are from Morocco) is the lack of risk associated with consanguinity more distant than uncle-niece; however, not too much should be made of this, the differences between North Africans and other Jewish groups being likely to be due to chance. The population of Moroccan Jews is relatively large, and except for some small areas, not considered a genetic isolate. In contrast, the West Asians in this study include several groups drawn from relatively restricted gene pools, including those from Afghanistan, Yemen, Syria, Lebanon, and specific parts of Iran and of India. A further peculiarity of the population of Jerusalem, in contrast to other parts of Israel, is the high concentration of Kurdish Jews among those with origins in Iraq, and to a less extent among those from Turkey, Iran and Syria. Results from this study are consistent with the knowledge that inbreeding in such societies over many generations would lead to high degrees of homozygosity, even in the absence of known consanguinity [36, 37] ; the data in table 4 show a significant excess of birth defects in West Asians associated with such (presumed) endogamy, in comparison to the offspring of obviously exogamous marriages.
